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A BSTRA CT
Cyclic adenosine m onophosphate (cA M P)-dependent protein kinase activity 
was exam ined in the m itochondria of follicles (4-8 mm) and corpora lu tea of porcine 
ovaries. Using the photoaffinity analogue [3 2 P ] 8 -N 3 cAMP, two m ajor cAM P bind­
ing proteins w ith M r =47,000 (the apparen t regulatory subunit of protein kinase 
Type I) and M r =54,000-56,000 (the apparen t regulatory subunit of protein kinase 
Type II) were found in the m itochondria. M itochondria were fractionated into the 
outer m em brane, the interm em brane space, the inner m em brane and the m atrix . 
The cA M P-dependent protein kinase regulatory subunits Types 1 and 11 were found 
in the in term em brane space and m atrix  of follicular m itochondria. In luteal m ito­
chondria, cA M P-dependent specific activ ity  was highest in the interm em brane space 
b u t was also present in the inner and outer m em branes and the m atrix . However, 
only cA M P-dependent protein kinase regulatory subun it Type 1 was found in luteal 
m itochondria and was present only in the interm em brane space. The possibility is 
discussed th a t cA M P-dependent protein  kinase Type I in the interm em brane space 
is accessible to cytosolic cAM P and its activation perm its the catalytic subunit 
to translocate  to other m itochondrial com partm ents. Since follicular m itochondria 
increase their pregnenolone synthesis ra te , develop the ability to synthesize proges­
terone, and undergo s tru c tu ra l changes as the follicle m atures, Type I may play a 
role in the regulation of ovarian m itochondrial steroidogenesis.
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LOCALIZATION OF A cA M P-D EPEN D EN T PRO TEIN  KINASE 
IN OVARIAN M ITOCHONDRIA
2I. In tro d u ctio n  
H o rm o n a l C on tro l o f  T he O vary
The ovary is the organ from which the female gam ate originates, and is the 
source of the female steroid hormones, estrogen and progesterone. Oocyte pro­
duction and m aintenance are controlled by a negative feedback loop and involves 
hormones produced by the brain as well as those produced by the ovary. The two 
areas of the brain involved are: the hypothalam us and the pituitary. Of the hor­
mones involved, two are produced by the p itu itary , follicle stim ulating hormone 
(FSH) and luteinizing horm one (LH), and are called gonadotropins. Release of the 
gonadotropins is controlled by gonadotropin releasing horm one (GnRH) produced 
by the hypothalam us (1 ).
In brief, this negative feedback loop proceeds as follows (1 ). Secretion of each 
of the gonadotropins is under control of releasing factors produced by the hypotha­
lamus. And secretion of the releasing factors of the hypothalam us is under feedback 
control by the two ovarian hormones, progesterone and estrogen. S tarting at the on­
set of m enstrual bleeding, estrogen and progesterone levels are low. This signals the 
hypothalam us to secrete a gonadotropin releasing horm one (GnRH) which in tu rn  
causes the p itu itary  to secrete FSH. FSH stim ulates follicular growth in the ovary, 
containing an im m ature oocyte, to  enlarge and m ature. The ovary is contains thou­
sands of prim ordial follicles each consisting of an im m ature egg, called the oocyte,
3a single layer of granulosa cells and a basem ent m em brane separating these two re­
productive cell types from the interstitial tissue. Through an unknown mechanism 
a prim ordial follicle is selected to initiate growth. The oocyte grows in size and 
a zona pellucida develops surrounding the oocyte. Granulosa cells begin to divide 
and at this particular tim e the histological unit is referred to as the prim ary follicle. 
During the growth phase of the prim ary follicle, granulosa cells develop specific re­
ceptors for FSH, estrogen, and testosterone. Also, granulosa cells form specialized 
m em brane contacts called gap junctions, and acquire a theca interna surrounding 
the granulosa cells (l) . The prim ary follicle with its FSH, estrogen and testosterone 
receptors, begins growth resulting in the form ation of a secondary follicle which is 
completely dependent on FSH and LH. During secondary follicle differentiation and 
in response to FSH, granulosa cells undergo the following changes: follicular fluid 
form ation, induction of arom atase enzymes required for steroid production, induc­
tion of LH receptors and the appearance of prolactin and prostaglandin binding 
sites (l) . The follicular cells begin producing estrogen and cause the cells lining the 
uterus to proliferate. On completion of secondary follicular growth and increased 
estrogen secretion, there is a brief increase in the production of LH and FSH by 
the pituitary. This causes ovulation, i.e. release of the m ature oocyte. W ith the 
m ature oocyte released and LH levels elevated, the rem aining follicular cells prolif­
erate. The corpus luteum  develops from the newly rup tured  follicle and has as its 
prim ary function the production of progesterone and estrogen (1 ).
As progesterone levels continue to  rise, the activity of the hypothalam us and 
p itu itary  is inhibited. Therefore, FSH and LH levels fall causing the corpus luteum  
to deteriorate. It decreases production of estrogen and progesterone and in their 
absence, the lining of the uterus degenerates and is sloughed off (2 ).
If the  ovum  or egg is fertilized, it attaches to  the u terine lining before the 
high levels of progesterone inhibit the  p itu ita ry  production of LH and FSH. The 
developing placenta begins production  of estrogens and progesterone. The placenta 
is not dependent on LH or FSH, thus when the p itu ita ry  is feedback inhibited by the 
high levels of progesterone, the  production of estrogens and progesterone continues. 
Therefore the corpus luteum  and the uterine lining are m aintained during pregnancy 
(2 ).
T h e M ito ch o n d r io n
The m itochondrion functions generally in converting complex carbohydrates 
into carbon dioxide and w ater (3). The energy released is trapped  in the adenosine 
triphosphate  (ATP) molecule. ATP, in tu rn , provides energy for a variety of cellular 
processes. Acetyl-CoA derived from the oxidation of carbohydrates, fa tty  acids, and 
am ino acids enters the tricarboxylic acid cycle located in m itochondria. The acetyl 
group of acetyl-CoA is enzym atically degraded to form two molecules of C O 2  and 
four pairs of hydrogen atom s which are bound to the oxidized form  nicotinam ide 
adenine dinucleotide (NAD + ). The now reduced NAD+ (NADH +  H + ) transfers 
the corresponding electrons of these hydrogen atom s into the resp iratory  chain, a 
series of electron carriers. This electron tran sp o rt progresses w ith a large decline 
in free energy which is conserved by the phosphorylation of ADP to yield ATP, 
in the  process called oxidative phosphorylation. The m itochondrion also contains 
the cholesterol side chain cleavage complex required for conversion of cholesterol to 
pregnenolone, the ra te  lim iting step of ovarian steroidogenesis. It is believed th a t 
the respiratory  chain and the cholesterol side-chain cleavage enzyme are linked in 
some m anner through the m itochondrial pyridine nucleotides, NADH and NADPH 
(4,5).
5M itochondria are double m em braned organelles (3). They are generally oval 
shaped and contain four com partm ents: the outer m em brane, the interm em brane 
space, the inner m em brane and the m atrix . The outer m em brane acts m ainly as a 
boundary  between the cytoplasm  and the m itochondrial contents. It is penetrable 
for molecules as large as 1 0 , 0 0 0  daltons m ainly due to presence of transm em brane 
pores. The inner m em brane is a much m ore dense s truc tu re  being about three quar­
ters protein  and one quarter phospholipid by weight and this difference in density 
from the ou ter m em brane is valuable when preparing m itochondrial subfractions. 
The inner m em brane is much less penetrab le than  the outer m em brane w ith many 
molecules requiring energy from ATP for tran sp o rt (3).
Several types of subm itochondrial preparations have been useful in studying 
m itochondrial function (6,7). The outer m em brane can be rup tu red  by osmotic 
shock to release the interm em brane fluid. Since the inner m em brane is more dense 
_ than  the outer m em brane, the two can be separated by sucrose density gradient 
centrifugation. The inner m em brane can be rup tu red  by briefly exposing it to 
ultrasonic energy thereby releasing the m atrix  contents. The inner m em brane can 
then be separated  from the m atrix  by ultracentrifugation.
C ell C o m m u n ica tio n  A n d  P r o te in  K in ases
In general, cells com m unicate in three different and nonexclusive ways. F irst, 
they can secrete molecules th a t bind to plasm a m em brane receptors of cells some 
distance away. Secondly, the cell itself can make direct contact w ith another cell, 
w ith a plasm a m em brane ligand of one cell binding to a plasm a m em brane receptor 
of another. Thirdly, the cell can form gap junctions th a t directly join the cytoplasm  
of one cell to  the cytoplasm  of another.
6Hormones allow cells to com m unicate with other cells some distance away and 
can be subdivided w ith regard to w ater solubility (8 ). The steroid hormones pro­
duced by ovarian m itochondria, progesterone and estrogen, are derivatives of choles­
terol and are therefore hydrophobic and lipid soluble. They act by passing directly 
through the m em brane of a cell to bind to an intracellular receptor. They are re­
ferred to as prim ary messengers. O ther hormones involved in the ovarian cycle, LH 
and FSH, are peptide hormones and are w ater soluble. They bind to specific recep­
tors on the cell m em brane and acting as prim ary messengers, m ediate their actions 
through secondary messengers. Cyclic-adenosine m onophosphate (cAMP) and the 
divalent calcium ion (C a2+) are the two m ost common secondary messengers.
cAM P is synthesized by a plasm a m em brane bound enzyme, adenylcyclase. 
W hen a m em brane receptor binds ligand, a series of reactions takes place in the 
m em brane signaling adenylcyclase to synthesize cAMP. As soon as the ligand is 
released from the receptor, cAMP production is decreased and the cAMP produced 
is degraded by phosphodiesterases (8 ). In actuality, cAMP exists in an equilibrium 
of its synthesis and degradation and, upon release of the peptide hormone from the 
m em brane receptor, cAMP is degraded to AMP by phosphodiesteraes.
The binding of prim ary messengers to cell surface receptors can also trigger 
the opening of C a2+ channels, resulting in the influx of Ca2+ into the cytoplasm 
from the surrounding interstitial fluid (9). As the channels are opened for short 
periods only, C a2+ pum ps an d /o r C a2+ binding proteins can rapidly control the 
intracellular concentration of the ion.
C a2+ exerts its effect by altering the conform ation of intracellular C a2+ binding 
proteins. Calm odulin is a C a2+ binding protein found in all plant and animal cells
7examined. On binding C a2+, calm odulin changes conform ation and associates itself 
w ith other proteins thereby regulating their activity (9).
Protein  kinase C is a C a2+-dependent protein kinase (10) th a t utilizes basic 
proteins as substrates as do the cA M P-dependent protein kinases. Protein kinase C 
is composed of a single polypeptide chain with no subunit s tructure  (Mr =82,000). 
P ro tein  kinase C activity is dependent on the presence of Ca2+, phosphatidylserine, 
and diacylglycerol. The la tte r is derived from a receptor linked cleavage of phos- 
phatidylinositol. Activation of protein kinase C is linked to phosphatidylinositol 
turnover and is believed to be involved in platelet activation (1 0 ).
cAMP exerts its effect in anim al cells by activating specific cellular enzymes 
called protein kinases (11). cA M P-dependent protein kinases catalyze the transfer 
of a phosphate group from adenosine triphosphate (ATP) to a specific serine or 
threonine residue of a specific group of proteins. This covalent modification in turn  
regulates enzymatic activity.
Protein kinases were first studied by E. W. Sutherland ( 1 1 ) in the late 1950s 
when it was found th a t cAMP synthesis was regulated by the hormonal control of 
glycogen m etabolism  by epinephrine and glucagon. E. G. Krebs ( 1 2 ) in the late 
1960s discovered a protein kinase in rabb it skeletal muscle th a t was controlled by 
intracellular levels of cAMP. This led to the discovery of the widespread distribution 
of protein kinases throughout various tissues and phyla of the anim al kingdom. The 
hypothesis was then presented th a t the diverse effects of cAMP on cell function are 
m ediated through the activation of protein kinases (13).
The cA M P-dependent protein kinase holoenzyme (EC 2.7.1.37) exists as a 
te tram er composed of two dissimilar subunits: the regulatory (R) subunit (Mr
=  47,000 - 56,000) and the catalytic (C) subunit (Mr =40,000) (14). In the absence 
of cAMP, the inactive holoenzyme consists of two R subunits joined by disulfide 
bonds, bound to two C subunits (R 2 C 2). cAMP binding to the R subunits leads to 
dissociation from the holoenzyme of the two C subunits. The C subunits are now 
able to phosphorylate protein. Two isozymes of cA M P-dependent protein kinase 
exist th a t have the same C subunits bu t different R subunits. The isozymes are clas­
sified as Type I and Type II cAM P-dependent protein kinases and are distinguished 
as having either a regulatory subunit R j (M r =47,000) or R /j  (Mr= 54,000-56,000) 
(14).
P ro tein  kinases can be divided into two classes, those th a t are regulated by 
known second messengers (e.g. cAMP and C a2+) and those th a t are not (the 
C a2+- and cyclic nucleotide-independent protein kinases) (13). The casein kinases 
are a class of C a2+- and cAM P-independent protein kinases th a t preferentially 
phosphorylate acidic proteins (15). This is in contrast to protein kinase C and 
cA M P-dependent protein kinases th a t phosphorylate basic proteins such as histones. 
Ju st as in cA M P-dependent protein kinases, two distinct cA M P-independent casein 
kinases exist and are designated as casein kinase I (monomeric, M r =37,000) and 
casein kinase II (0 2 /^2 , & M r =43,000, f3 M r=24,000) (16). Although it has been 
difficult to identify endogenous substrates for the casein kinases, phosphorylation 
by one or bo th  of the kinases of the regulatory subunit of Type II cAM P-dependent 
protein  kinase has been reported. Casein is not present in m ost of the cell types in 
which the casein kinases have been reported  therefore other proteins m ust serve as 
substrates for these enzymes. Few of these have been identified nor has a common 
regulatory system  so a functional role for the casein kinases has not been found
9P r o te in  K in ases in O varian M ito ch o n d ria
Protein kinases in ovarian m itochondria have been investigated because these 
organelles undergo considerable functional and structu ra l change as the follicle m a­
tures and luteinizes. M itochondria are the exclusive sites of conversion of cholesterol 
to  pregnenolone (17), the apparent rate lim iting step of steroidogenesis. In addition, 
m itochondria can develop the ability to synthesize progesterone (18,19). Compared 
to follicular m itochondria, luteal m itochondria have higher rates of steroidogene­
sis, utilize m ore types of oxidizable substrates and synthesize more ATP (20,21). 
Also, the cristae of ovarian m itochondria differentiate from a lamellar to a more 
tubulovesicular appearance as steroidogenic activity increases and luteinization pro­
gresses (22,23).
The horm onal control of ovarian follicular growth and differentiation is prim ar­
ily exerted by the p itu itary  hormones, FSH and LH. This gonadotropin-induced fol­
licular growth has been shown to be m ediated by cAMP, presum ably through activa­
tion of cA M P-dependent protein kinases. While the to tal concentration of cAMP- 
dependent protein kinase appears to be constant in various tissues and species, 
the relative proportions of Type I and Type II vary considerably (24). Using the 
radioactive photoaffinity analogue, 8 -azido, 3’,5’[3 2 P], cyclic adenosine monophos­
phate, ([3 2 P]8 -N 3 cAM P), and separating the radiolabeled regulatory subunits by 
molecular weight by SDS-polyacrylamide gel electrophoresis, the presence of the 
two types of regulatory subunits can be detected. Differences in the function and 
horm onal regulation of the two classes of protein kinase are suggested by changes in 
the Type I and Type II concentrations throughout the differentiation of the follicle. 
In the pig ovary, Type II protein kinase is the predom inant form in follicular tissue, 
while the Type LType II ratio  increases in large follicles and corpora lutea (24).
10
It was therefore of interest to further investigate cA M P-dependent protein ki­
nases in ovarian m itochondria. M itochondria of bo th  follicles and corpora lutea 
have been fractionated into the four com partm ents: the outer m embrane, the in­
term em brane space, the inner m em brane, and the m atrix . Protein kinase activities 
have been m easured and localized and localization of Type I and Type II c-AMP 
dependent protein kinase regulatory subunits determ ined using the photoaffinity 
analogue, [3 2 P] 8 -NscAMP.
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II. M a ter ia ls  and  M eth o d s
A . P rep a ra tio n  o f  M ito ch o n d r ia
Porcine ovaries were obtained from IT T  Gwaltney, Inc. (Smithfield, VA) im­
m ediately after slaughter, and transported  on ice in 0.9% NaCl. Approximately 2 0 0  
medium-sized follicles (4-6 m m  in diam eter) and 20 g of corpora lutea were isolated 
w ithin 3 hours in a 250 mM sucrose solution, pH 7.4, containing 2 0  mM KC1 and 1  
mM EDTA (SKE).
The follicles were isolated by cu tting  away each from  the connecting tissue of 
the ovary and collecting them  in 150 ml of SKE solution. G reat care was taken to 
remove as much of the tissue clinging to the follicle as possible w ithout rupturing 
it in the process. After all the follicles had  been collected, the sucrose solution was 
drained from the beaker and the follicles were minced with scissors. Then 150 ml 
of the sucrose solution were added and the tissue was homogenized using a Kontes 
# 2 4  glass homogenizer w ith the teflon pestle ro tating at 2000 rpm.
The luteal tissue was isolated by first cutting away a strip of the outer covering 
or theca from the corpus luteum . Then slices approxim ately 2-3 mm in thickness 
were cut and placed in 50 ml of SKE solution. After obtaining 2 0  g of tissue, the 
solution was drained from the beaker and the tissue was minced with scissors and 
passed through a H arvard tissue press. Then, 130 ml of the sucrose solution were 
added and the tissue was homogenized using a Kontes # 2 4  glass homogenizer with 
the teflon pestle ro tating a t 2 0 0 0  rpm .
The heavy debris and nuclei from both  follicular and luteal homogenates were 
removed by centrifugation at 1 0 0 0  x g for 1 0  minutes. The side of each centrifuge 
tube was wiped with a Kimwipe to remove lipid deposits and the supernatant respun
C orpora luteal slices (2 0 g), or 200 follicles (4-6 mm) 
collected in cold SKE (250 mM  sucrose solution, pH 7.4, 
contain ing  2 0  mM  KC1 and 1  mM EDTA)
M ince
Pass th rough  H arvard T issue Press 
(luteal tissue only)
u
Homogenize in ^  150 ml SKE solution 
with pestle  ro ta tin g  at 2 0 0 0  rpm
u
Centrifuge hom ogenate at 1 0 0 0  x g  for 1 0  m inutes
n
C entrifuge su p e rn a tan t at 6000 x g for 1 0  m inutes
w
R esuspend pellet in ^  65 ml SKE solution and 
centrifuge at 6000 * g for 1 0  m inutes
v
Resuspend pellet in 30 ml SKE solution and 
centrifuge at 6000 * g for 1 0  m inutes
f
M itochondrial pellet
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a t 6000 x g for 1 0  m inutes. The follicular m itochondrial pellet was suspended in 
75 ml of SKE solution and the luteal m itochondrial pellet in 65 ml. Then each was 
centrifuged a t 6000 x g for 1 0  minutes. The final washing was done with 30 ml of 
SKE solution and each suspension centrifuged at 6000 x g  (25).
B . P rep a ra tio n  o f  th e  S u b m ito ch o n d ria l F raction s
The procedure used was a modification of th a t by Parsons and Williams (6 ). 
M itochondrial pellets were subjected to swelling for 20 minutes by suspending the 
follicular sample and luteal sample in 0.75 ml and 1 . 0  ml respectively of 2 0  mM 
phosphate buffer, pH 7.2. This hypotonic solution causes the outer m embrane to 
separate from the m itoplast. The term  m itoplast refers collectively to the inner 
m em brane and the enclosed m atrix. After swelling, 0.15 ml of the follicular sample 
or 0.3 ml of the luteal sample were taken as an aliquot of whole m itochondria. 
Each of the rem aining suspensions were centrifuged a t 35,000 x g for 30 minutes. 
The resulting supernatan t, i.e. the crude interm em brane space, was collected and 
centrifuged at 105,000 x g for 60 minutes to remove remaining debris. The pellet 
obtained from the 35,000 x g spin, i.e. the outer m embrane and m itoplast, was 
prepared for sucrose density gradient centrifugation by suspending the follicular 
and luteal samples in 1.5 ml and 3.0 ml respectively. The suspensions were placed 
on a sucrose density gradient and centrifuged at 65,000 x g for 90 minutes in a 
Beckman SW 50.1 swinging bucket rotor. The gradient consisted of 0.5 ml of 43% 
w /w  sucrose , 1.25 ml of 32% w /w  sucrose, 1.0 ml of 22% w /w  sucrose and 0.75 ml of 
the sample. All sucrose solutions were prepared using the 2 0  mM phosphate buffer 
and were layered in thin-walled polyallomer centrifuge tubes. The outer membrane 
fraction was recovered in the interface between the 22 and 32% sucrose
14
M itochondrial pellet resuspended in 1.0 
ml of 20 mM  p hosphate  buffer, — 
pH 7.2, for 2 0  m inutes
35,000 x g  for 30 m inutes
S u p e rn a tan t, 105,000 x g for 
for 60 m inutes
S u p ern a tan t 
I n te r m e m b r a n e  s p a c e
f  :
M itoplasts a t interface betw een 32% 
and 43% (w /w ) sucrose layers1
D ilute 3 tim es volum e w ith 
p h osphate  bufferI
35.000 x g for 30 m inutes
\
R esuspend pellet in 1.0 ml 
pho sp h a te  buffer
Sonicate once for 15 secondsI
105.000 x g  for 60 m inutes ------------
R esuspend pellet in 1 . 0  ml 
p ho sp h ate  buffer 
I n n e r  m e m b r a n e
0.3 ml aliquot 
W h o le  m i to c h o n d r ia
Resuspend pellet in 3.0 ml 
phosphate  buffer
Sucrose grad ien t (2 2 %, 32%, and 43% 
(w /w )) 65,000 x g  for 90 m inutes
O uter mem 3 rane a t interface between
22% and 32% (w /w ) sucrose layers
D ilute 3 tim es volume w ith 
phosphate  buffer
35,000 x g for 30 m inutesI
Resuspend pellet in 1.0 ml 
phosphate  buffer 
O u te r  m e m b r a n e
S u p ern atan t
M a tr ix
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layers w ith a bent Pasteur pipette, to avoid turbulance, while the m itoplast fraction 
was recovered in the interface between the 32 and 43% sucrose layers by a straight 
Pasteur pipette. The fractions were diluted three times their volume with water 
and centrifuged at 35,000 x g for 30 minutes. Each of the pellets was suspended 
in phosphate buffer: the follicular outer membrane fraction in 0.15 ml, the follicu­
lar m itoplast fraction in 0.3 ml, and both  corpora luteal fractions in 1.0 ml. The 
m itoplast fractions were subjected to sonication once for 15 seconds using a VW R 
Scientific sonicator (model Bio IV, m aximum voltage, low setting). Then the soni­
cated m itoplast fraction was centrifuged in the swinging bucket ro tor a t 105,000 x 
g for 60 m inutes using thick-walled polycarbonate centrifuge tubes. The resulting 
supernatan t, i.e. the m atrix , was collected and the resulting follicular and luteal 
pellets, i.e. the inner m em brane pellets, were suspended in 0.5 ml and 1.0 ml of 
phosphate buffer respectively.
C . D e te rm in a t io n  o f  P r o te in  K in a s e  A c tiv itie s  in L u te a l  M ito c h o n d r ia l  
S u b f ra c t io n s
Protein kinase activity was m easured using a procedure modified from Fakund- 
ing and M eans (26). Instead of a 31.25 mM NaF solution, a 25 mM NaF solution was 
found optim al for the reaction (24). Histone Type II A and casein were used as sub­
stra tes to measure cyclic adenosine, S’^ ’-m onophosphate (cAM P)-dependent and 
a cAM P-independent protein kinase activities respectively. Each of the activities 
was m easured with and w ithout the addition of 2  /iM cAMP to determ ine the total 
and endogenous protein kinase activities. To follow the reaction, [7 - 3 2 P]ATP was 
used. The stock substrate  m ixture contained 0 . 2  ml of 0.33 M potassium  phosphate 
buffer, pH 6.5, 0 . 2  ml of 99 mM magnesium acetate, 0.5 ml of substrate (either 33 
mg histone Type A /m l or 5 mg casein/m l), 0.5 ml of 3.3 mM 1-methyl,3-isobutyl
16
xanthine to inhibit phosphodiesterases, 0 . 2  ml of 4.95 mM ATP as substra te  for 
the protein phosphorylation, and enough [7 - 3 2 P]ATP to give a m inim um  of 100,000 
cpm /50 /x 1 of substrate  m ixture. If to tal protein kinase activity was to be m easured, 
then 0 . 2  ml 0.33 /xM cAMP was added. The final volume was brought up to  3.3 
ml w ith w ater and the m ixture was stored at room tem perature. The assay began 
by incubating 5.0 /xl of 125 mM NaF to inhibit ATPase activities, in 50 /xl of stock 
substra te  m ixture for 5.0 minutes. The reaction was started  by adding 25 /xl of 
sample, which had been treated  w ith 0 .1 % Triton X -1 0 0 , and the reaction m ixture 
was incubated at 30 °C for 10 minutes.
The reaction was linear for w ith respect to activity versus tim e for at least 10 
m inutes w ith up to 300 /xg protein (24). In this experiment, 160 /xg of protein was 
the largest am ount used.
The reaction was stopped by placing a 50 /xl aliquot on a 1  x 2  cm piece of 
W hatm an 3M Chrom atography Paper (ET-31). Using forceps, the paper was placed 
imm ediately into cold 1 0 % trichloroacetic acid (TCA) to wash for 30 minutes. The 
TCA was used to precipitate the phosphorylated protein substrates causing them  
to  become trapped  in the chrom atography paper. The washing took place in a 500 
ml beaker containing a wire mesh basket positioned 2  cm above a stirring bar. The 
paper was washed again in cold 5% TCA for 15 minutes. A final washing was made 
in 5% TCA at room tem perature for 15 minutes. The paper was removed from the 
solution and rinsed with ethanol to remove any unbound [7 - 3 2 P]ATP arid remaining 
TCA. The paper was allowed to dry then was placed in a scintillation vial w ithout 
scintillation fluid and counted on a Beckman LS-7000 scintillation counter.
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D . P h o to a ffin ity  L ab elin g  o f  P r o te in  K in a se  in F ollicu lar and  L u tea l M i­
to ch o n d r ia l S u b fraction s u sin g  8 -A zid o , 3 ’,5 ’, C yclic  A d en o sin e  M o n o ­
p h o sp h a te
Photoaffinity labeling of cyclic adenosine S’^ ’-m onophosphate (cAM P)-depen- 
dent protein kinase was performed by modifying the procedure of Pom erantz e t a l 
(27). In this procedure 8 -azido, 3’,5’, cyclic adenosine [3 2 P]m onophosphate ([3 2 P]8 - 
N 3 CAMP) was used as a photoaffinity label specific for the cAM P binding site 
present in cA M P-dependent protein kinase regulatory subunit. The azido cyclic 
nucleotide undergoes photolysis when subjected to ultraviolet irradiation, resulting 
in a highly reactive nitrene capable of binding covalently and specifically to the 
regulatory subunit of the protein kinase a t the binding site of cAMP. The assay 
was performed with and w ithout the addition of 2  /zM cAMP to determ ine the 
nonspecific and specific binding of [3 2 P]8 -NscAM P to the regulatory subunit re­
spectively. In a to tal of 1 0 0  /td, the reaction m ixture contained 20 fi 1 of 50 mM 
sodium  m orphilinoethanesulphate, pH 6 .2 , 5 fx\ of 1 0  mM M gCl2 , 20 fx\ of 0 . 1  mM 
adenosine triphosphate (ATP) to facilitate autophosphorylation, 5 /x 1 of 0.4 /zM 
[3 2 P]8 _n 3 AMP, 2 0  fxl of 1 0  (iM cAMP if nonspecific binding was to  be measured, 
and 30 /zl of sample (up to 2 0 0  /xg of protein). The reaction was incubated in 
the dark for 60 minutes at 25 °C and then subjected to ultraviolet irradiation at 
room tem perature for 1 0  m inutes, 8  cm from the UV source (254 nm , M ineralight, 
UVS-1 1 , Ultraviolet Products, Inc.). The reaction was stopped by adding 50 /zl of 
a solution containing 9% w /v  sodium  dodecylsulfate (SDS), 3% m ercaptoethanol, 
15% glycerol, 30 mM Tris-HCl, pH 8 .0 , 3 mM EDTA, and 2 % Pyronin Y (as a track­
ing dye during electrophoresis). The stopped reaction m ixture was vortexed and 
heated a t 100 °C for 5 minutes. Approximately 50 fig of the radiolabeled protein
18
were separated by m olecular weight using 1 0 % polyacrylam ide gel electrophoresis. 
The gel was allowed to run  approxim ately 2.5 hours or until the dye front was 90 
m m  from the origin. Following electrophoresis, the wells were removed and the pro­
tein was precipitated in 12.5% trichloroacetic acid (TCA) solution for 20 minutes. 
The gels were soaked for 6  hours in 10% w /v  acetic acid to remove excess TCA. 
Each gel was sliced in 1 m m  sections with a gel slicer (Bio-Rad Lab, Richmond, 
CA) and each slice was placed into a scintillation vial w ith 5 ml of toluene with 
Omnifluor Scintillator (New England Nuclear) and counted on a Beckman LS-7000 
scintillation counter. The positions of Types I and II regulatory subunits on the gel 
were determ ined by using partially  purified protein kinases from rabbit skeletal mus­
cle and bovine heart (Sigma, St. Louis, MO) as controls and the m olecular weights 
were estim ated by com paring their R f  values to those observed for m olecular weight 
pro tein  standards (Bio-Rad Lab : range 1 0 ,0 0 0 - 1 0 0 , 0 0 0  daltons).
E . D eterm in a tio n  o f  M o n o a m in e  O xid ase  A c tiv ity
M onoamine oxidase (MAO) activity, a m arker for the outer m itochondrial 
m em brane, was determ ined by m easuring the oxidative deam ination of [1 4 C]-trypt- 
amine to [1 4 C]-indole acetic acid by the m ethod of W urtm an and Axelrod (28). 
Tryptam ine-2 -[1 4 C]-bisuccinate (New England Nuclear Co., 50 (LCi, 57.5 mCi /  
mmol), was dissolved in 0.5 ml w ater and stored at 4 °C. Assays were run in 15 ml 
glass centrifuge tubes and each contained a m ixture of 25 fi\ of tissue homogenate 
(3.5-100 fig protein), 25 fi\ of [1 4 C]-tryptam ine (869.56 nmol, 110,000 cpm) and 250 
fi\ of 0.5 M potassium  phosphate buffer, pH 7.4. The m ixture was incubated at 37 
°C for 20 minutes. The reaction was stopped by adding 0 . 2  ml of 2 N HC1, and 
the deam inated radioactive product was extracted by vortexing for one m inute at 
low speed w ith 6  ml of toluene. After centrifugation at 35,000 x g for 20 minutes,
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a 4 ml aliquot of the toluene layer was transferred to a scintillation vial and 10 ml 
of ASC (Am ersham  scintillation cocktail) were added. The sample was counted for 
1 0  m inutes in a Beckman LS-7000 scintillation counter. Since a small am ount of 
[1 4 C]-tryptam ine was extracted by the procedure, a correction was m ade for each 
activity by running a control for each tissue homogenate. In each control, 0.2 ml 
of 2  N HC1 were added before bo th  the phosphate buffer and the [1 4 C]-tryptam ine. 
The rem ainder of the assay was followed as previously described. The specific 
activity of monoamine oxidase was expressed in term s of pmol [1 4 C]-tryptam ine 
converted /m in /m g protein.
To validate the assay, luteal m itochondria were used to  determ ine if the activity 
of monoamine oxidase would be linear over a certain range of protein concentrations. 
The m itochondrial sample used in the validation was treated  with 0.1 % Triton X- 
1 0 0 . The results of the studies, shown in Figure 1 , show th a t monoamine oxidase 
activity was linear with 3.5-20 /zg of m itochondrial protein. However, linearity of 
the m onoam ine oxidase assay was found with up to 1 0 0  /zg of protein. Therefore, 
the am ounts of m itochondrial and subm itochondrial protein used were kept w ithin 
3.5-100 /zg. The assay was also found to be linear w ith tim e for each activity 
m easured.
F . D eterm in a tio n  o f  A d en y la te  K in a se  A c tiv ity
Adenylate kinase activity, a m arker for the m itochondrial interm em brane space, 
was determ ined by indirectly m easuring the conversion of adenosine diphosphate 
(ADP) to adenosine triphosphate (ATP) plus adenosine m onophosphate (AMP). 
The assay was done by coupling the form ation of ATP to the reduction of nicoti­
nam ide adenosine dinucleotide phosphate (NADP + ) w ith glucose, hexokinase and
20
F ig u re  1 . M onoamine oxidase activity, a m arker for the outer m itochondrial m em­
brane, was determ ined by m easuring the oxidative deam ination of [1 4 C ]-tryptam ine 
to [1 4 C]-indole acetic acid. M onoamine oxidase activity was linear w ith up to 1 0 0  
f i g  of protein and linear w ith tim e for each activity measured.
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glucose-6 -phosphate dehydrogenase. The procedure used was a modification of the 
m ethod of Schnaitm an and Greenawalt (7). The assay m ixture contained the fol­
lowing in 1  ml: 0 . 1  ml of 7.5 mM NADP + , 0 . 1  ml of 150 mM glucose, 0 . 1  ml of 
a solution containing 100 units of hexokinase, 50 units of glucose-6 -phosphate de­
hydrogenase and 700 mM glycylglycine buffer, pH 8 .0 , 0 . 1  ml of 4.5 mM KCN, 0 . 1  
ml of 30 mM  ADP, 0.1 ml of 50 mM M gCl2 , and 0.4 ml H 2 O. Each assay used 
a reference cuvette containing all components except NADP + . The reaction was 
sta rted  by adding 5-20 ji\ of m itochondrial sample (up to  100 fig of protein) to both 
the reference and sample cuvettes. Each assay m ixture showed a slow bu t steady 
increase in absorbance before the m itochondrial sample was added, requiring the 
m ixture to incubate in the spectrophotom eter long enough to get an estim ate of 
the increase. This was taken into account when the rate was calculated later. The 
specific activity was expressed in term s of mmol NADP+ reduced/m in /m g protein 
by using the millimolar absorbtivity of NADPH, 6 . 2 2  x 1 0 3  cm 2  at 340 nm. The 
assay was allowed to run approxim ately 15 minutes.
To validate the assay, luteal m itochondria were used to determ ine if the activity 
of adenylate kinase would be linear over a certain range of protein concentrations. 
The m itochondrial sample used in the validation was treated with 0 .1 % Triton X- 
1 0 0 . The results of these studies, shown in Figure 2, show th a t adenylate kinase 
activity was linear w ith 3.5-20.5 fig. However, linearity of the adenylate kinase assay 
was found w ith up to 100 fig of protein. Therefore the amounts of m itochondrial 
and subm itochondrial protein used were kept within 3.5-100 fig. The assay was also 
found to  be linear with tim e for each activity measured.
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F ig u re  2 . Adenylate kinase activity, a m arker for the m itochondrial interm em ­
brane space, was determ ined by indirectly m easuring the conversion of adenosine 
diphosphate (ADP) to adenosine triphosphate (ATP) plus adenosine monophos­
phate  (AM P). The assay was done by coupling the form ation of ATP to the re­
duction of nicotinam ide adenosine dinucleotide phosphate (N AD P+ ) with glucose, 
hexokinase and glucose-6 -phosphate dehydrogenase. The reaction was found linear 
w ith up to  1 0 0  fxg protein and linear w ith tim e for each activity measured.
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G . D e te r m in a t io n  o f  C y to c h ro m e  O x id a se  A c tiv i ty
Cytochrom e oxidase activity, a m arker for the inner m itochondrial membrane, 
was determ ined by m easuring spectrophotom etrically the oxidation of reduced cy­
tochrom e c by the m ethod of Cooperstein and Lazaro (29). The reaction m ixture 
was prepared in the following m anner. To obtain reduced cytochrome c, 10 mg of 
cytochrom e c (Sigma Type III) and 1  mg of sodium  dithionite were dissolved in 
2  ml of 0.3 M potassium  phosphate buffer, pH 7.4. The solution was mixed for 
approxim ately 10 m inutes until traces of sulfur fumes disappeared. Then 20 ml of 
deionized distilled water and 8  ml of the phosphate buffer were added giving a to tal 
of 30 ml of reduced cytochrom e c solution. The reaction was s ta rted  by adding 
10-50 fA (up to 0.10 mg of protein) to 3.0 ml of the reaction m ixture in a cuvette. 
The cuvette was inverted twice to insure distribution of the enzyme and changes in 
absorbance were recorded every 15 seconds for 60 seconds. Then 0.25 mg of potas­
sium  ferricyanide were added to the cuvette to completely oxidize the cytochrome 
c and the absorbance was recorded.
The activity of cytochrom e c oxidase was expressed in term s of the rate con­
s tan t, k, and has the units of reciprocal seconds (sec- 1 ). The rate was calculated 
by the following formula:
ln( ~  ~ vp"~)i   ' Ao — A ox '
( t 2 t i )
where A ox is the absorbance of the fully oxidized sample, Ai the absorbance at 
tim e 1 1 , and A 2  the absorbance at tim e t 2. The two values, t i  and t 2, used in the 
form ula were at 30 second intervals so th a t three values of k were obtained (0 and
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30, 15 and 45, 30 and 60 seconds). The average was used to determ ine the specific 
activity which had the units of reciprocal milligrams and seconds (k/m g protein).
To validate the assay, luteal m itochondria were used to determ ine if the activity 
of cytochrom e oxidase was linear over a certain range of protein concentrations. The 
m itochondrial sam ple used in the validation was treated  w ith 0 .1 % Triton X -1 0 0 . 
The results of these studies, shown in Figure 3, show th a t cytochrom e oxidase 
activity was linear w ith 25-100 fig of m itochondrial and subm itochondrial protein. 
The assay was also found to be linear w ith time for each activ ity  m easured.
H . D e te r m in a t io n  o f  G lu ta m a te  D e h y d ro g e n a se  A c tiv i ty
G lutam ate dehydrogenase activity, a marker for the m itochondrial m atrix , was 
determ ined by m easuring the conversion of a-ketoglu tarate to g lutam ate by the 
oxidation of reduced nicotinam ide adenine dinucleotide (NADH) spectrophotom e­
trically. The procedure used was a modification of the m ethod of Beaufay e t a l 
(30). The reaction m ixture contained the following in 2 ml: 20 mM potassium  
phosphate buffer, pH 7.7, 30 mM nicotinam ide, 0.4 mM KCN, 1 . 0  mM EDTA, 1 0  
mM  a-ketog lu tarate , 50 mM am m onium  chloride, 0.28 mM  NADH and 5-20 fil 
sam ple (up to 0.1 mg protein). All components of the reaction m ixture except a - 
ketoglu tara te  were preincubated w ith the sample at 24 °C for 15 minutes to avoid 
an initial lag phase in the reaction. The reaction was then s ta rted  by the addition 
of 0 . 2  ml of 0 . 1  M a-ketog lu tarate  and the change in absorbance at 340 nm  was 
followed against a blank containing 0 . 2 1  mM NADH and all other components of 
the  system  except a-ketoglutarate. Changes in absorbance were recorded every 30 
seconds for 90 seconds. The specific activity was expressed in term s of mmol NADH
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F ig u re  3. Cytochrom e oxidase activity, a marker for the inner m itochondrial 
m em brane, was determ ined by m easuring spectrophotom etrically the oxidation of 
reduced cytochrom e c. The reaction was linear w ith up to 1 0 0  pg protein and was 
linear w ith tim e for each activity m easured.
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oxidized/m in/m g protein by using the millimolar absorbtivity of NADH, 6 . 2 2  x 1 0 s 
cm 2  at 340 nm.
To validate the assay luteal m itochondria were used to determ ine if the ac­
tivity of glutam ate dehydrogenase would be linear over a certain  range of protein 
concentrations. The m itochondrial sample used in the validation was treated  with
0 .1 % Triton X-1 0 0 . The results of these studies, shown in Figure 4, show th a t glu­
tam ate  dehydrogenase activity was linear w ith 0-630 fig of m itochondrial protein. 
The assay was also found to be linear w ith tim e for each activity m easured.
1. P r o te in  D e te rm in a t io n
Protein concentration was determ ined spectrophotom etrically by a modifica­
tion of the m ethod of Lowry e t  a l  (31). In 2 0  f i g  increments, increasing amounts 
of bovine serum  album in (BSA), 0-100 f i g ,  were placed into six test tubes, using 
a solution containing 0 .2 % BSA in 1 % deoxycholate (DOC). Aliquots of 5-20 jul of 
sample were placed in separate test tubes and all volumes were brought up to 1 . 0  
ml w ith a solution of 1 % DOC and vortexed. Then 3 ml of a solution containing 1  
ml of 1% CUSO4 -H 2 O, 1  ml of 2% N a+ K +tarta ra te , and 98 ml of 2% N a 2 COs in 
0 . 1  N NaOH, were pipetted into each tube and vortexed. The solutions in the test 
tubes were allowed to incubate a t room tem perature for 1 0  m inutes followed by the 
addition of 0.5 ml of a solution containing Folin and C iocalteu’s Phenol Reagent, 
2 N, diluted 1:1 w ith water. After vortexing, the test tubes were placed in 90 °C 
w ater ba th  for 90 seconds then cooled in ice water for 30 seconds. Absorbance were 
recorded a t 540 nm. From a s tandard  curve, made by plotting absorbance vs pro­
tein concentrations of the BSA solutions, the protein concentrations of the samples 
were determ ined. The assay was perform ed in duplicate for each sample.
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F ig u re  4. G lutam ate dehydrogenase activity, a m arker for the m itochondrial 
m atrix , was determ ined by measuring spectrophotom etrically the conversion of a-  
ketoglutarate to glutam ate by the oxidation of reduced nicotinam ide adenine din­
ucleotide (NADH). The reaction was found linear with up to 630 (ig protein and 
linear w ith tim e for each activity m easured.
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III. R esu lts  
A . S u b fra c tio n a tio n  S tu d ies
Follicular and luteal m itochondria were subjected to subfractionation proce­
dures. The fractions obtained then were examined for purity  using specific m arker 
enzymes. The specific activities of these enzymes in each of the fractions are listed 
in Tables 1  and 2.
Com pared to whole m itochondrial samples, there was no enrichment in mono­
amine oxidase specific activity in any follicular fraction, w ith the highest specific 
activities being in the inner and outer membrane fractions (Table l) . In contrast, 
there was an enrichment in adenylate kinase specific activity in the interm em brane 
space and the m atrix  com pared to whole m itochondrial samples. While there was 
no enrichm ent in cytochrome oxidase specific activity in any fraction the inner mem­
brane fraction did have specific activity th a t was similar to the whole m itochondrial 
sample. Enrichm ent in glutam ate dehydrogenase specific activity was found in all 
fractions except the interm em brane space.
Com pared to the whole luteal m itochondrial samples, there was an enrichment 
in m onoam ine oxidase specific activity in all fractions except the interm em brane 
space (Table 2 ). However, specific monoamine oxidase activity was highest in the 
outer m em brane fraction. Enrichment in adenylate kinase specific activity occurred 
in the interm em brane space and to  a lesser extent in the m atrix. Compared to 
the whole m itochondrial samples, cytochrome oxidase specific activity was slightly 
enriched in the inner membrane fraction. Finally, enrichment in glutam ate dehy­
drogenase specific activity was found in the m atrix  and to a lesser extent in the 
outer membrane.
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T a b le  1. Follicular m itochondria were subfractionated into the outer membrane, 
the interm em brane space, the inner m em brane and the m atrix  with monoamine oxi­
dase, adenylate kinase, cytochrome oxidase and glutam ate dehydrogenase activities 
followed as markers for each subfraction respectively. Each value listed is the mean 
of 3 values ±  the standard  error.
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T a b le  2. Luteal m itochondria were subfractionated into the outer membrane, 
the interm em brane space, the inner m em brane, and the m atrix  subfractions with 
monoamine oxidase, adenylate kinase, cytochrome oxidase, and glutam ate dehydro­
genase activities being followed as markers for each subfraction respectively. Each 
value listed is the mean of 3 values ±  the standard  error.
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B . S tu d ies  o f  P ro te in  K in ase  A c tiv ity
Luteal m itochondrial fractions were prepared to determ ine cyclic 3’,5’-adeno- 
sine m onophosphate (cAM P)-dependent and -independent protein kinase activities. 
Tables 3 and 4 give the da ta  obtained from these studies.
Com pared to activity of whole m itochondrial samples cAM P-dependent pro­
tein kinase specific activities were 4-fold and 2-fold higher in the interm em brane 
space and the m atrix  fractions respectively (Table 3). These increases in specific 
activity in the interm em brane space and m atrix  fractions were found for both  the 
endogenous and to tal activities.
Com pared to  whole m itochondrial samples, there was more than  a 3-fold enrich­
m ent of cA M P-independent protein kinase specific activity in the interm em brane 
space and alm ost a 2 -fold enrichment in the inner membrane and the m atrix  frac­
tions (Table 4). Only small increases in cAM P-independent protein kinase specific 
activity occurred in whole m itochondria and submitochondrial fractions after the 
addition of cAMP to the assay system.
C. S tu d ies o f  P h o to a ffin ity  L abeling  o f  P ro te in  K in ase
Incubation of follicular and luteal m itochondrial subfractions w ith 8 -azido, 3’,5’ 
cyclic adenosine [3 2 P]m onophosphate ([3 2 P]8 -N 3 cAMP) and separation by sodium 
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE), showed radiola­
beled proteins in the molecular weight (mw) regions of 47,000, 54,000, 56,000, and
67,000 daltons (Figs. 5 and 6 ). M olecular weights of [3 2 P]8 -NscAMP bound pro­
teins were estim ated by comparing their R /  values to those observed for molecular 
weight protein standards (Bio-Rad; range 10,000-100,000 daltons). These com par­
isons indicated th a t the 47,000 mw protein probably was the regulatory subunit
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T a b le  3. Protein  kinase activity was measured with or w ithout 2 /iM cAMP 
(ic A M P ). Histone was used as substrate  to measure cAM P-dependent protein ki­
nase activity. The activity ratio  is defined as the ratio  of the activity m easured in 
the absence of cAM P to th a t measured in the presence of cAMP. Each value is the 
mean of 3 values ±  the s tandard  error.
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T a b le  4 . P rotein  kinase activity was m easured with or w ithout 2 juM cAMP 
(ic A M P ). Casein was used as substra te  to m easure cAM P-independent protein 
kinase activity. The activity ratio  is defined as the ratio of the activity m easured in 
the absence of cAMP to th a t m easured in the presence of cAMP. Each value listed 
is the mean of 3 values ±  the s tandard  error.
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of cA M P-dependent protein kinase Type I, while the 54,0000-56,000 mw proteins 
represented the regulatory subunit of Type II.
In the follicular subfractions, the outer m em brane exhibited no radiolabeled 
protein peaks (Figure 5). The interm em brane space, inner m em brane, and m a­
trix  subfractions had radiolabeled protein peaks for Type II regulatory subunits 
a t 54,000-56,000 daltons. The interm em brane space and the m atrix  subfractions 
had  radiolabeled protein peaks a t 47,000 daltons representing Type I regulatory 
subunit.
In the luteal subm itochondrial fractions (Figure 6), only the interm em brane 
space had a m ajor radiolabeled protein peak for the Type I regulatory subunit at
47,000 daltons. The outer m em brane had a relatively small peak at 54,000-56,000 
daltons representing the regulatory subunit of Type II.
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F ig u re  5. Freshly prepared follicular m itochondrial subfractions (200 fig of protein 
each) were incubated in the dark w ith [3 2 P]8 -N 3 cAMP for 60 minutes w ith and 
w ithout cAMP and subjected to UV light and approximately 50 jig of protein 
separated  by SDS-PAGE. Gel slabs were sliced into 1  mm sections and counted. 
A, B, C and D indicate the locations of 67,000, 56,000, 54,000 and 47,000 daltons 
respectively as determ ined by m igration of protein standards. These experiments 
were done in duplicate.
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F ig u re  6. Figure legend same as th a t of figure 5 bu t for luteal m itochondrial 
subfractions.
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IV . D iscu ss io n
The data in Table 1 from follicular subm itochondrial fractions suggest incom­
plete subfractionation of the m itochondria. M onoamine oxidase activity was highest 
in the inner membrane suggesting incom plete separation of outer and inner mem­
branes. This conclusion is also suggested by the two fold enrichment of adenylate 
kinase in the matrix.
The intermembrane space is relatively pure in that no contam ination from the 
other subfractions was detected. Adenylate kinase is also enriched highest in the 
intermembrane space.
There is also incom plete rupture of the m itoplast as there is a five fold enrich­
ment of glutam ate dehydrogenase in the inner membrane fraction. In assaying the 
inner membrane it is first treated with Triton X-100. This detergent would break 
open m itoplasts which were left unruptured by the sonication. Therefore glutam ate 
dehydrogenase would be detected in the inner membrane fraction.
The data in Table 2 from luteal subm itochondrial fractions suggest good sub­
fractionation of the m itochondria. Enrichment of the marker enzym e specific activ­
ities was highest in each of the respective com partm ents, i.e. m onoamine oxidase 
specific activity in the outer membrane subfraction, adenylate kinase specific ac­
tivity in the intermembrane space subfraction, cytochrom e oxidase specific activity  
in the inner membrane subfraction, and glutam ate dehydrogenase specific activ­
ity in the m atrix subfraction. Very little contam ination was observed from other 
subfractions in any of the subfractions.
One reason luteal m itochondria may have fractionated better than follicular 
m itochondria is the fact that luteal mitochondria have undergone structural changes
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as they luteinized. As the follicular tissue luteinizes, the m itochondria become larger 
and pleom orphic in shape and appear to  be going through a transition  stage. At 
the onset of luteinization, m itochondria from follicular tissue develop the enzyme 
system  required for progesterone synthesis (18,19). As luteinization progresses, 
com ponents of the respiratory  chain increase to meet the energy requirem ent for 
increased ATP and steroid synthesis (19). In luteinized tissue, m itochondria are no 
longer irregular shaped bu t are now rounded and the cristae have changed from the 
lam ellar appearance to a m ore tubulo-vesicular one in which they are surrounded 
by a m atrix  having a greater electron density (23). Thus the outer may be less 
tightly  fitted in a luteal m itochondrion th an  a follicular m itochondrion m aking 
it m ore am enable to  subfractionation. However, Figure 5 does not support the 
poor subfractionation suggested in Table 1. The to ta l am ount of m itochondria 
available from follicular tissue relative to luteal tissue is very small and the even 
sm aller am ount of working m aterial obtained after subfractionation of follicular 
m itochondria may have led to  discrepancies in marker enzyme activities.
Specific receptors for cAM P were found in follicular and luteal m itochondrial 
subfractions w ith M r «47,000 and 54,000-56,000. These appear to be the  regula­
tory subunits of Type I and Type II respectively, as com pared to partia lly  purified 
cA M P-dependent protein kinases from  rabb it skeletal muscle (14). The 54,GOO-
56,000 dalton  doublet, seen in the interm em brane space and m atrix  of follicular 
subfractions, has been found in o ther tissues and is thought to represent dephos- 
phorylated  and phosphorylated forms of the  Type II regulatory subunit resulting 
from  autophosphorylation of the regulatory subunit (32,33).
Though from Table 1 it could be seen th a t there was significant contam ination 
between follicular subfractions, the cAM P receptors found in the interm em brane
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space do not appear to  be artifact. Both Type I and Type II regulatory subunits 
are found in the follicular interm em brane space and of all the subfractions, the in­
term em brane space contained no detectable contam ination from other subfractions. 
Table 1 also showed contam ination of the m atrix  in the outer and inner m em brane 
subfractions. In spite of this contam ination, the am ount of Type I and Type II 
regulatory subunits in the m atrix  appear to be real as there is no Type I regula­
tory subunit found in the inner or outer m em brane as in the m atrix  and there is 
relatively little of the 56,000 dalton Type II regulatory subunit found in either the 
inner or outer m em brane subfractions.
Specific receptors for Type I regulatory subunit were found only in the in­
term em brane space of the luteal m itochondrial subfraction. As seen in Table 2, 
the interm em brane space contained no other subfractions. There were no recep­
tors found for the Type II regulatory subunit in any of the subfractions. Dimino 
e t  a l  (24) first reported th a t Type I regulatory subunit predom inates in corpora 
luteal m itochondria and Type II regulatory subunit is the predom inating form in 
follicular m itochondria. Also cA M P-dependent protein kinase activity  is higher in 
m itochondria than  o ther subcellular preparations from corpora lu tea bu t higher in 
microsomes from follicles. Com pared to whole m itochondria enrichm ent for cAMP- 
dependent protein kinase activity was seen in the interm em brane space and the 
m atrix  of luteal m itochondria (Table 3). This is especially interesting in th a t the 
only regulatory subunit found in luteal m itochondria was Type I and was found only 
in the interm em brane space subfraction. Thus, it is possible th a t cAM P-dependent 
protein kinase Type I in the interm em brane space is accessible to cytosolic cAMP
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and its activation perm its the catalytic subunit to translocate to o ther m itochon­
drial com partm ents. The activity ratios of Table 3 indicate th a t the protein kinase 
activity m easured using histone as substra te  was indeed cA M P-dependent.
In addition to cA M P-dependent protein kinase activity, cA M P-independent 
protein  kinase activity was m easured in luteal subfractions and whole m itochondria 
using casein as substrate . The d a ta  in Table 4 indicate th a t cA M P-independent 
protein  kinase activity is highest in the interm em brane space. The activity  ratios 
of -cA M P:+cA M P are «  1.0 and indicate the the activity m easured was indeed 
cAM P independent. cA M P-independent protein kinase activity is highest in the 
interm em brane space (Table 4). A lthough this activity was not com pared to follic­
ular subm itochondrial fractions, its concentration may vary w ith luteinization. And 
though no m itochondrial substrates are known, the presence of a cA M P-independent 
protein  kinase indicates an endogenous substrate .
K. M. M enon e t a l  (34) presented evidence th a t a cA M P-dependent protein 
kinase of the corpus luteum  activates an enzyme involved in cholesterol m etabolism . 
Cholesterol esterase is an enzyme involved in the conversion of cholesterol ester to 
free cholesterol. A purified preparation  of cholesterol esterase was dependent on 
added protein kinase for activation. It has been suggested th a t the Type II reg­
u latory  subunit may be associated w ith differentiation of ovarian tissue while the 
Type I regulatory subunit may be involved in steroidogenesis. Dimino e t a l (24) 
first reported  th a t Type I regulatory subunit is the predom inant form in m itochon­
dria  of corpora lu tea whereas Type II regulatory subunit predom inates in follicular 
m itochondria. Furtherm ore, by com paring R /:R //  ratios in subcellular fractions it 
was suggested th a t Type I is m ore im portan t in organelles th a t cytosol. The R /:R //  
ratios for the prem itochondrial, m itochondrial, lysosomal, microsomal and cytosolic
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fractions were 0.65, 0.50, 0.75, 0.15 and 0.20 for follicular and 1.85, 2.58, 1.09, 1.19, 
and 0.30 for corpora luteal fractions respectively (24).
Differences in protein kinase activities in luteal m itochondrial subfractions were 
presented in Tables 3 and 4. These da ta  along w ith the Type I regulatory subunit 
of cAM P-dependent kinase being sequestered in the interm em brane space (Figure 
6) indicate th a t the transpo rt of the regulatory and catalytic subunits of cAM P- 
dependent protein kinases as well as the transpo rt of cAM P-independent protein 
kinases between m itochondrial com partm ents is under stric t control. A lthough the 
role of ovarian m itochondrial protein kinases is not known at present, localization of 
protein kinase activities in subm itochondrial fractions will aid in the understanding 
of their function as well as identification of specific substrates. This work has further 
enabled the m itochondrion to be an excellent model for studies on protein kinases.
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